El ectropl ating nethod for coating a substrate surface with a netal The
present invention relates in general fola~net hod of coating a surface of a

substrate with a netal, _and _nore 5, articglarly copper,, by el ectroplating,
in particular a surfacegiﬁﬁgfgﬁiﬂélgﬂ_gﬁt P £PTC &PR1PEs| stive materi al .
The invention is especi & |suagptdtcabd erfacd hei th ed dn@fa0 m croel ectronics
for the fabrication of interconnects in integrated circuits. It is also
applicable in other fields of electronics, for the fabrication of

i nterconnects in printed circuits (called printed circuit boards or printed
wre boards% or for the fabrication 15 of passive elenpents, such as
Inductors, SPSi RTERENS dOMRREQTRiTAteS ol d FRRFRELGFAt BAMEEPER OF or in
m crosyst emgobeahbed BufeRledf aresliont cate systRNE) methe ,t 6hd more
"electrqgplating’ iIs _understood here tpo nmean %0 met hod_ of co%ﬁrin%na
surface bf BAEHBSHIAT XiDRPR ot | T LG Oh ARDARL alhi BCSEEMTGE P whi ch
t he substraserifacel ectonsastyngi asefl arsgh br elghtt nindad lgont aeds iwittilvea |1 qui d
t hat cont ai étgﬁ§ggrsors of the said netallic or organonetallic coating, so
as to form € said coating. Wien the substrate is an el ectrical
conductor, the electroplating is for exanple carried out by passing a
current bet ypen sheriulst 1Al Celfebeateg! efptliceIChnal | tHL e aRgel ot rode

(the cathode in the case a netall1c”or organonet ic coating) and a
10 microelectronics for the fabrication of interconnects

in integrated circuits. It is also applicable in other
fields of electronics, for the fabrication of inter-
connects in printed circuits (called printed circuit
boards or printed wire boards) or for the fabrication
15 of passive elements, such as inductors, or in the
electromechanical field 'in integrated circuits or in
microsystems (called microelectromechanical systems).

The term “electroplating” is understood here to mean a
20 method of covering a surface of a substrate with a
metallic or organometallic coating, in which the
substrate 1is electrically biased and brought into
contact with a liguid that contains precursors of the
said metallic or organometallic coating, so as to form
25 the said coating. When the substrate is an electrical
conductor, the electroplating is for example carried
out by passing a current between the substrate to be
coated which constitutes an electrode (the cathode in
the case of a metalilic or organometallic coating) and a
30 second electrode (the anode) in a bath containing a
source of precursors of the coating material (for
example metal ions in the case of a metallic coating)
and optionally various agents intended to improve the
properties of the coating formed (uniformity and
35 fineness of the deposit, resistivity, etc.), optionally
with a reference electrode being present. By inter-
national convention, the current flowing through and
the voltage applied to the substrate of interest, that
is to say the cathode of the electrochemical circuit,



30 second el ectrode (the anode) in a bath containing a source of precursors
of the coating material (for exanple netal ions in the case of a netallic
coating) and optionally various agents intended to inprove the properties
of the coating fornmed (uniformty and 35 fineness of the deposit,
resistivity, etc.), optionally with a peterence el ectrode being present. By
inter- national convention, the current flow ng through and the voltage

applied to dhe setpstivd & PhrbidBsest thiBakeks ,t hedy d@Lahhadamf the
el ectrochemcal circuit, are negatl ve. . T rougho_ut this text, when these

currents afPdoftHREes 2 FeRerbheRedi VALY FodPShFe WRalVgduS t 4t ISplicit
thaéI th: S \dﬁtlpﬂeidieprﬁi?ﬁ]t &h&bevlaqsﬁ Ui@pﬁ@éelgt@f thbeaWO;iu(tlézr rxmthu@r t he
sai d vol tage Coppeyr electroplating is.,used.jn particular in the

ni cr oel ect %o%itg'ée fﬁoagllc% FH* T He ?‘éb?]il%a??bﬁ ‘6?11:?@ fconnects in integrated
circuitS. The good electrical conductivity of copper and its high 10

resi stance f electromaratjo ks..to,say, e | ow
m gration o(#o%cé)é[}ge%ti%%g‘%%a%&grnfhg'sef ?lg'ce?l o?‘ht E%aépg% !rngjé cjl'f?r etnk§é1densi ty
that can benkaspoimsithianias si ghieldant Fprdef s t hefadundiagtion andbe a

maj o causeflod dddd g Mkes | LiddpALLEY! &ifodPeant eriil Ofggdipl ce for
the fabrication of nmetal interconnects for integrated circuits O

i ncreasi nglSAeFRIIGHL et ERBAUCEAMIrtSSs. Pht egPRRRE ci r3dW t s1hPe derEral |y

fabricaped fys fdAdW 28 @kl \hSRIREBWIUEE Ol 1dREreRS.gretARs al tiat
transistors, on the surface of silicqon waf the said sem conduyct or

rs,
devi ces beilfy E8nfg¥t &rq o]g%“t’h@FgE9t&°§’ys°c€n‘F%?p‘ﬁ’ét GEOMET M5t
consi sting eXffédt nes" 8hd "ebatveis", cudsentaldeedsi'tyr athapl acad ie

superinposed 25 | evuel s and obtai hed by, re ivel.y filling,"trenches" and
"wel | s" al srgesgacfrfseléoe]“el n? &r cormect T oH es%,l%,%%ﬁfgldetl%‘(% {he d&lgé:loé:ctaﬁ‘l@ | ayers.
be a major cause of failure, makes it in particular a
15 material of choice for the fabrication of metal
interconnects for integrated circuits of increasingly

smaller etched features.

Integrated circuits are generally fabricated by forming

20 active semiconductor devices, especially transistors,
on the surface of silicon wafers, the said
semiconductor devices being connected together by a
system of metal interconnects consisting of “lines” and
“contacts”, also called “vias” placed in superimposed

25 1levels and obtained by respectively £filling “trenches”
and “wells” also called “interconnection holes”, made
in the dielectric layers.

Since copper is difficult to etch and has a high

30 diffusivity in many materials, the interconnects are
generally produced by a sequence of steps comprising:

- deposition of an insulating dielectric layer;
- etching of the interconnect features in the
said dielectric layer;

35 - deposition of a barrier layer (generally made
of tantalum, titanium nitride, tantalum nitride,
tungsten nitride or tungsten carbide, for example) used
to prevent copper migration;

- filling of the lines and interconnection holes



Since copper is difficult to etch and has a high 30 diffusivity in many
materials, the interconnects are generally produced by a sequence of steps
conprising: deposition of an insulating dielectric |ayer; et chi ng of
the interconnect features in the said dielectric |layer; 35- deposition of a
barrier layer (generally made of tantakum titaniumnitride, tantal um
nitride, tungsten nitride or tungsten carbide, for exanple) used to prevent

copper m gratdpn, é£|l of the lines and interconnection holes wth
copper; Jﬁﬂ Opg éﬁaof t he excess copper by chem cal nmechani cal

pol i shi ng 5 This s‘%fé{%@fﬁ:]e oPfst &P | LAIRRM bIOPRET naky

process", wWu r{‘iqjsalbegdlicgqﬁ dbed for exanple by C. Y. Chang and S.M Sze
"ULSI Technology Hi 15 New York, (1996), pages 444-445. 10 The

barrier |layer generally has too hi gh a resistance for copper to be

el ect r oshemitial | yeglepost t 6d Beapgerneousiow®r bniher aiayneat“ﬁé}@as/@é@é scal e,
an effect known to th se skj IIe% in Hﬁgsart b he term "ohnic drop The
hi gh resi SERREHT 1 h TR s <BBt ﬁXPFIBr]net i ohr

resistivit\Chang tan@ossm tL‘B&@i YHLST | Béshhgioaval | yotetal-Hiillr,i dasy and
fromits s t hj %g@ enerally,froma fewnmto a few tens of nm
dependi ng gﬁ”%%@ { rzﬂé%b %%ét4%%heration), whi ch thickness is inposed
by the small 20 size of the interconnect features. Consequently, it is

generaj by “ﬁfeesﬁé‘ﬂ‘lei?“l% ko Jdige é’ﬁﬂﬁ] ecttc;cﬁp%%ﬁng 5££§i (g%ver the

barrier layer - using a n-electroche | ayer
of netalIlékébppe¢°pﬁﬁrledt9 seéﬁalay@lectﬁp§h§@é§aﬁéyer d@m@§¥¢@dbarr|er

layer, is GdncfddsouBgucsd %i’ﬁpﬁﬁl hase d@z@@sweap&te@&ﬁaélueselﬁuch as
PVD (physic va O%gdWQOSItlon henlc v r. dep sition
deposi ti on §ﬁﬁ£ 0 T ?% £ |¥%J néﬁgidﬁg S he*ftnes and
I nt er connectdtani hodlespof Ther ériigh ntegisteteei o€uiche, and idrei Yayeend
Lowar dpe CVaIIRId o LIPNSLAG . R PhEbRCS Sl dIR SgpPebeseek L avers at
constituent materials (generally metal nitrides) and
from its small thickness (generally from a few nm to a
few tens of nm, depending on the integrated circuit
generation), which thickness is imposed by the small

20 size of the interconnect features.

Consequently, it is generally necessary, prior to the
copper electroplating step, to cover the barrier layer
- using a non-electrochemical method - with a thin

25 layer of metallic copper, called a seed layer. This
seed layer, 1like the barrier layer, is currently
produced by vapor phase deposition technigques such as
PVD (physical vapor deposition) or CVD (chemical vapor
deposition) deposition processes.

30
Owing to the critical dimensions of the 1lines and
interconnection holes of current integrated circuits,
and their trend towards ever smaller dimensions, the
thickness of the copper seed layers at the present time

35 is around 30 nm and should rapidly move towards 10 nm
or less.

CVD deposition produces a conformal copper layer, that
is to say one that accurately matches the topography of



35 is around 30 nm and should rapidly nove towards 10 nmor |ess.

surface of the substrate (at the top and bottom of the trenches and vias).
This may lead to inferior reliability properties, such as resistance to

el ectrom gration. In other words, the non-conformal 5 coverage does not
solely result in differences in thickngss as |lack of continuity and poor
adhesion of the layer on the sidewalls of the trenches and vias nmay al so

arl se ther ghieom, 0 J0ess bEMAARns JiKeabls VELY thE! Sl Usthde/D
technol ogy Tn advanced generation I ftegrated circuits with very snal
di nensi ons off t&gpecbnchesioasd vi BGWEVert he thaleradpegierw tens @ie

nanomet er s)ygd, Mehy MO ASReClof atdns. dopddrt Sy &ant edrmdde py
el ectropl ating techni_que presented here constitutes an advant ageous
al t er nat i v&€heRiGadni £§PosaparndebdsdBn of BphAyshidhi tapBr RIePost¢$ on

processsgs, ad b_@néh@tnﬂﬂiﬁ %ﬁﬁ\éenﬁj{/ﬁ@?'oﬂmb@bcggse's%‘ﬁidfé'-)pb@tisﬂ@:drﬁﬁhni ques,
whi ch cannot__be | | enented on resistive sub trgtes” This is because

convent i on@RGTAT WY, CHRi ERPRERSs PECs G WiStg 35 JeHer St a DC

current to ifrhe c¥demibsts at enstuper seelinbd ldalyh edht aile ngtmictutens, can

be applied only .to surfaﬁgs fhat are suEficientIy conducting, that is to
S

say typicaﬁ%? Qﬁﬁqﬁfﬁg Rt e SYAATES Dt | ess than about a few

ohns/ square, which is not the case for the layers formng a copper 30

LT usien b 118k Liohneiataduancer, Cehan! 891 eaddi® @Al (£ stance
of which is commbnly a' few tens of ohns/square to several hundred
ohns/ squar @rehdr g tbyed sy epapenside obadgsissands FheohrsIRqeesé. 35 Sheet

resi stance dr a QBifindy1 d$ed(dye t NOSEgKEbEES, | Not herget é@iidﬁfﬁ‘érwri ng
electrical resjstance of_thin filns or _layers. It is expressed in

ohns/ squar &SHRPG LR GRIRAFRIRE t BheRedPesF FFVi@?WTS%féCEﬁBQHrnensionm
system that is to say one in which the current flows - 6 - in the plane
of the,Lay nd _not_i.n.a_pl ane perpendi cul ar to thi ayer.
Nhthenﬁ%icgﬁpg, EREOFAIE of the §ﬁ§%§e?ég¥stéﬁﬁ%é?ég%%ta?ﬁgﬁ'byt T vi di ng
the resi stiiidus el essaudpoivhnberros eniidr olimev juofades Heacongt i t uent
material ofy theph aygr; Byahhe Y ahnessatedriaesedditd? Yanuli & &his

| ayer.
Y the copper to the barrier than obtained with CVD

processes.

20
The thickness of the coating deposited by PVD is
directly proportional to the solid angle seen from the
surface to be coated. Consequently, those portions of
the surface having salient angles are covered with a

25 thicker layer than those portions of the surface having
re-entrant angles. As a result, the copper seed layers
formed by physical wvapor deposition are not conformal,
and therefore do not have a uniform thickness at every
point on the surface of the substrate. In particular,

30 shadow or overhang effects are observed at the sharp
edges of trenches or vias, up to the point of
obstructing their apertures and then making it
impossible to fill them. Moreover, the sidewalls of the
trenches and vias may be covered with an insufficient

35 thickness of the seed layer, which then results in
imperfect subsequent filling, missing material or
voids. In addition, the seed layer produced on the
sidewalls of the features exhibits by nature an
adhesion that differs from that deposited on the flat



At the present tine, conventional copper electroplating is mainly used for
filling the trenches and wells in 10 the damascene process by applying a DC
current to a wafer covered beforehand with a seed |layer and i mrersed in an
aci d copper sul phate bath containing additives. This process for filling
the trenches and wells with netallic_cgpper is described for exanple by
Rosenberg 15 et al., in "Copper netallization for high performance silicon

technol ogy"gurftice R6¥ . tI¥Bt @libsPeate?0QM) ( £180, £889264. vbt& ds & Of ciwdpper
el ectroplating on a copper seed |ayer 20 for fi trenches_and wel |l s has

lin
al so been de<ErFHRY | APPat evitatls: 6 Q@’Q—%Somﬁﬁcor%ﬁﬁ*‘gt edOher BHHeHYOT

reference. relialiEi €y ectpppbattngsiet hedctiescrsbed ddkidacmnt 25 US 6 893
550 i s esse tia¢| characteri zed: - on éhe one hand, in that jt nakes
Use of an LTI IFTHG Fat h WhosERFeci ¥PedThent ot RFPISR TGP Lonpri ses
at | easp ormwErdge préddes abiyt sghely c Besdl t at ith eadi £ Deveetdads dein on,

preferably chloride, and 0 canbination. of chemcal a t s .capabl e of
accel erati n%”b? %%?) rggsilﬁagc of tcf%r?lt]o]?’mf% Eoat i %?ra%gﬁles:.on_ ®h the
ot her hand,then ldmaeri oncbhei stdeivalisdicifyitig ttheerdsres tandfvide mayr ent

applied i nﬁ?e(g?‘;]?{gé nﬁge%s%g%&gpes. 35 Copper electroplating has al so been

recomrende exanp atent US 6 811 675, for filling any voids in
the seed | ayer (seed enhancenent) or for repairing this |ayer (seed

repairlog HHhds@ PIaherd et eibodigent; desgeipedeinckPi stPriQEedopygent, a
first step is carried qut, preferably b% a physi,cal vapor_ deposifion
process, i FSFFRHAOVor PLERRRERth 'IRRTERTIN LPARIKRESS of 1EHGHES 20 nm

c?ppﬁr lseedujlﬁyevei:ﬁ dl&@D}gi ﬁ@ilileﬁﬁdohlbe@fi the secaith éslt Eﬂ‘lld_l hﬁ@?ni@f ma: ity

of the layer,_is _inmprov y el ectropl ati ng _usi an, a i_ne electroplating
sol ution (te'ﬂ%e pP* rv\/rﬂetf:]lhai &Y et Pﬁar{g‘ﬁm&%ﬁ?ﬁ)ni ﬁagcc‘)’peﬁé'r Ut9Bhate, a
10 copper cepexirgtigent, preferably citric acid, and optionally boric
acid ipgorder to inprove the brightness of the coating and/or ammoni um

sul phate for reducing the resistivity of the coating. The DC current
density appitedh®r fagtexeet £88 liasFuip pdhimertechnique presented

here constitutes an advantageous alternative to
chemical vapor deposition or physical wvapor deposition
processes, and to the more conventional metal

20 electroplating techniques, which cannot be implemented
on resistive substrates.

This is because conventional electroplating, which
consists in applying in general a DC current to the

25 substrate immersed in a bath containing metal ions, can
be applied only to surfaces that are sufficiently
conducting, that is to say typically having a sheet
resistance of less than about a few ohms/square, which
is not the case for the layers forming a copper

30 diffusion barrier in the most advanced technologies,
the sheet resistance of which is commonly a few tens of
ohms/square to several hundred ohms/square and may be
several tens of thousands of ohms/square.

35 Sheet resistance is a quantity used by those skilled in
the art for measuring electrical resistance of thin
films or layers. It is expressed in ohms/square and is
equivalent to the resistivity for a two-dimensional
system, that is to say one in which the current flows



151 mdVcnR2 and 5 mdcn2. It is indicated in the above prior docunent that
this electroplating process may al so be used to produce a copper seed | ayer
directly, but this possibility is not 20 illustrated by any exanple and it
appears not to be easily achievable owing to the high current densities
mentioned in that docunent. In this siguation, the object of the present

I nvention 25 is to solve a new technical problem nanely of how to provide
a met hod ofixfoaéh@g_%léﬂéf age Oftid subsfdat eaRy eheetrqpl atd ng it a nmetal
whi ch nmakes it possihle in particular to produce g¢ontinuous and conforna
copper see®FRBE HEANgta ThilsknsvEeDf ﬁﬁﬁhﬁmééﬁcéﬁliﬂ @ 02138 | ess and

exhi bi ting gxcehkbenthasthe @i drarthd f Wsi asobarné@r wur fageaihfatcHmy have a
hi gh surface resi,stance o%p&p to temxﬁggghnslsquane. Iﬁﬁhas een
di scover ed, FHE FAVEY t HESPERSE Condti t -5 APheMhEEPeREF - tHE Hlesent
I nventi Bn, thewtcodstBtpeassi hheetrdadolofe it slagebnbyalthe addiierRidssa
relatively éi 1&%;@9 ner, whi ch gan bgRuge ,90,.an I ndustrial scale, by
using a spee? CHT tf%ﬁ?épfﬁﬁn a?ﬁ &°b g%ﬁfrolling the conditions
under which the surface to be coated is - 8 - brought into contact with
the electr ' ri to rs 110 e | he
condi ti onsq_jgénag!rté‘]%#%]%ﬁi Jg&)éﬁr'f é%:)g&ﬁeféﬁée%%%rla[beog;%%%n?lf%%% | dﬂglg% after
the coatinghaBabedy fusaredfos THud inhetbs| datershasheapdevenddsi nention is
in gengpal @drelbhRgdseEne0dhl Hdeds SH a&?p@&iﬁg?‘%psbbat@;ﬂéﬁt ceppey by
electroplathg, characterized in that it conprises: .

wafer covered beforehand with a seed layer and immersed

in an acid copper sulphate bath containing additives.

This process for filling the trenches and wells with

metallic copper is described for example by Rosenberg

15 et al., in “Copper metallization for high performance
silicon technology”, Ann. Rev. Mater. Sci (2000), 30,
229-62,

The use of copper electroplating on a copper seed layer

20 fo6r filling trenches and wells has also been described
in Patent US 6 893 550 incorporated herein by
reference.

The electroplating method described in document
25 US 6 893 550 is essentially characterized:

- on the one hand, in that 1t makes use of an
electroplating bath whose specific chemical composition
comprises at least one acid, preferably sulphuric acid,
at least one halide ion, preferably chloride, and a

30 combination of chemical agents capable of accelerating
or suppressing formation of the coating; and

- on the other hand, in that it consists 1in
modifying the density of the current applied in
predetermined sequences.

35
Copper electroplating has also been recommended, for
example in Patent US 6 811 675, for filling any voids
in the seed layer (seed enhancement) or for repairing
this layer (seed repair).



10- a step referred to as "cold entry" during which the said surface to be
coated is brought into contact with an electroplating bath while the said
surface is not under electrical bias; a step of form ng the coating during
which the 15 said surface is biased for a tine |long enough to formthe said
coat i ng; a step referred to as_"?oL exit" during which the said
surface is separated fromthe electroplating bath while it is still under

el ectrical bias; 20 and in that the aforenentioned el ectroplating bath
conprises, in solution in a solvent: - a source of copper ions, with a

concentrat ildh & BEASEFG 4 ARPUMARE proFsSGENSS ofithetiéh ®™4-%nd 18 nM
and nore prRfeimbly, of betyeelt@pd iand-o-1dd i€, 2prefakabedstoyonre copper

conpl exi ng agent chosen fromthe group conprising,pri r‘[ﬁt’%/ al 1 phati c am nes,
secondary &NYHAR FFPREs, EBPELALPTAl PRRSESE r antResarBne? | @i nes,

ni troges gﬁirﬁrmﬁnm:lg?al_tﬁadh@ﬁjr'g}s(&.hi%@cﬂéséwa@fPQmu@bsmVﬁgl,) ﬁiﬂﬁ@rl _
unexpect e , t it s possihle,. wt e_af.oremention ect.r.opl ating
baths, to i%ﬁ%vﬁ%’% éﬁh%re@t‘?@eltt?éjt V\%%a %E‘gncd‘ﬁlpe“i" goatt gsl% ertkb%)oduced
by el ect r oplcatfioygnedlnictyt hef biehie | Payeayés bByplrovegi by tdlecurdEes iy be
coated into _canta | £ h | ectrapl.ating e th bei.n nder

el ectrical %lglg, %fa}t,g]i%]?{(;nésaél\%c? ggﬁ%t%l Si %gfggl%ec Fic @i&r %befjnt or

el ectric poteimh alsrerattes thaa Guntenbheeingdeopperelsatliphatieo &

referenge elppdodeonp hingouidane, Riidfeltbife dlealy opbabl ncusd ep.  An
even nore substantial "1 nprovenent i n this adherence has been observed when
the surfaceRianl LubsbpEie t Aplcodfed PEAREPt Gt comPEEVeW tH] he

el ectropl atgmigyhatdsd o6f acper ik tdh@tah@Ast Smeea008S saflitiatdi fob

cont acti ng\%ﬁo and sktél Il prior tot e ectro%I.atl n%&st%% |t _has al so

been obser V&tH St PrS ?n’@?%s’fh‘é{'tﬁ Of s EpGs SR o ottt £Eeed T ayer

havi ng a cashgittwi t gpbliednrpadublegw tdl eadtecdyleiatg ngiki | [beigvest hods,

whi |l e ¥§epi1n%fc%lzc gltd% S fc?nee under electrical bias, preferably for a
an S <,[

ti me of “betwee econds, after its renoval fromthe el ectroplating
bath. 15 It is therefore the "cold entry" and "hot exit" steps that

constitute fﬂ‘eiésgﬁ@ltiicﬁlte%lhafrﬁcﬁﬁ%i ot e tePsoPf gbhemBBEhagdACCOEdi ng to
the present invention. The step of formng the copper coating is carried
out 20 in £IFHIREA S RDNPERCESFal "FENREEC bRE S HastPe®FO Ved that,

unlike the dﬁmﬁiﬁﬁsﬁe@eﬁﬁyébedikéctm%pﬂuﬁr tarils ayuk eidpiei a) | s imoPat ent US

6 811 5, the level of.current needed to f.ormthe coating is, nmu | ower

(at Iegét fli]\r/']euﬁ‘?%rse o&?é(r Fan W@Eeanaggl &en% ngggﬁl%isonrg%ti <%t ﬁk?% pri or

pat ent, ancedsilanyachsevebisi devirie proddss higdowsimmemt odensibeesin).
mentioned in that document.

In this situation, the object of the present invention

25 is to solve a new technical problem, namely of how to
provide a method of coating a surface of a substrate by
electroplating with a metal which makes it possible in
particular to produce continuous and conformal copper
seed layers having a thickness of the order of 10 nm or

30 less and exhibiting excellent adhesion to diffusion
barrier surfaces that may have a high surface
resistance of up to a few megohms/square.

It has been discovered, and it is this that constitutes
35 the basis of the present invention, that it is possible
to solve this technical problem in a relatively simple
manner, which can be used on an industrial scale, by
using a specific electroplating bath and by controlling
the conditions under which the surface to be coated is



"Hot entry", that is to say entry under bias, is the standard practice in
processes for electrochem cally 30 depositing copper for filling trenches
and wells. This is because, since the electroplating solution is generally
acidic, it is likely to cause etching of the seed | ayer and consequently
electroplating'is prevented, sonet hinggwhich nust be avoided. 35 During the
"cold entry" step of the nethod according to the invention, the surface of

the substr ahughthe MeAt&shdScPwf ek a@hé E@e&tkap@aetﬁgt bwlthh Pri®r
el ectroplating bath for a period of at least 5 s Cgon s. - -, It has been

observed t & ~B$Sadf ¥SPRRECR hidt pdPemeFERTARAI ng” hé:l'feabﬁo(’f’éjﬁt&ﬁn&f j ust
the seed | ayer t whschOSEiiY egusiaRe St@glssepatxcauémrwemt henadhkesicon of the

"seedlaye/flll ayer, . or thlckc er, or i ck ayer 5 assenbly, that is
to say the Pagttt% (}g?p tkheeeré EBTS- for which the seed |ayer

IS prodficed. SpeC| fically, even though it isin general difficult for the
adhesion o single eed r.to neasut ed especi al l.y ow ng
fo s oS el a5t 1o | P OnRervenCt RAvShreCaaH s o o e seed

| ayers pr o@ucmetaodordfng:dzattirt@ @ esemtfacevenfi oa isulpbtviaus| wivdry hi gh.

However, tﬁ?lp;) p%qgstéq:tljog]pacng;)ir%thl% LORRE!; Jayer; c}-’tm)re usckness

of about 5 m cron, t hat I'S easler an eful 15
to determ rﬁf@ﬂmi-’elseﬁ‘ﬁergy of adhesion of the ' seed | ayer/fill |ayer or thick

copperygr thick . a)é?rstéi)ssmeé@ﬁ’ré& theabareben 'eﬁ)f%‘y" \dmrqhgewl@h is the
oper at i onal proger y of interest that is actual e optim zed. For

|
exanpl e, t | BT haGSh&Udeer APRES ZG-Soyb]b%‘égthglél ROafIBEASE t ape

bonded to tHehipper esettacplatinhge masenwhylef aheexsurpd eshy fusengsr pul I'ing
test system Th dhe q:[ a;l:;red in this way, or interfacial energy
expressed P i‘reg 3R¥rall both the adherence of the seed

| ayer to the 25 —balanme};andftlﬁatrmmhgt Hehe hiokt toppénriagewhtich Heheseed

layer. 4t dogy nqlr é’é“%?r %?L' $2d NG ggt 11qfh ADQYLy 08EQENT Y %J}gﬂ

i nt erface Sut” i does alTow the desiF operational property t
quant i f i ed thearfsid t%tsltﬂ@ength of the copper/barrier interface. In what 30

fol lows, the expressignsy"adhasien Ofothe seet |awee, dhadhgsiamal the
t hi ck copper |l ayer .to the seed | ayer' e%‘i%he st enth of t

copper / bar % FRtr PHCE3SF e]rsfF’FaPF‘h"Gt r‘trhug hJ!,f'tt'clt’fét‘;hgeabI y.
35 It has &asth heenl eolseriveds tiia uridé:t‘teeﬂektetimlo}bladae coI d" entry step

5 lessothanp seconds, ¢ g adueel0nOf, (e LORNSI. YO, L, Mo st rat e,

alt houg i mproved conpar e entr i as, may remnal i ci ent
in certai ncmmseeaspem étd%ptlh@‘selﬂef@uﬁ@l‘h@nt he deposition of a copper

seed |layer in diret gont@st oW tdo@pbar rlloelr | ayern of, bl e at£sh circuit
interconnect. 5 On the other hand, 1f the duration of this step is 5

seconds or qfoﬂ%q'we%‘? ef et aBPe BOrmiee PrRf erRP b0 SEcBREwESRd Ordr &34t ef er abl y
about 10 tq83Gmsesmdtord herdfdibgi f Baewgynneasuard by e paal force

i's sub%t’anti ally e or even greater than that 10 obfained by
sputtefTng process L{‘(gllggls& PR&N PP p g 49
from the group comprising primary aliphatic amines,
secondary aliphatic amines, tertiary aliphatic amines,

aromatic amines, nitrogen heterocycles, and oximes.

30 It has been observed, quite unexpectedly, that it is
possible, with the aforementioned electroplating baths,
to improve the adherence between the copper coating
layer produced by electroplating and the barrier layer
by bringing the surface to be coated into contact with

35 the electroplating bath without being under electrical
bias, that is to say without imposing an electric
current or electric potential relative to a
counterelectrode or relative to a reference electrode
on this surface, prior to the electroplating step.



10 J/nR) There is no particular limt regarding the maxi mum duration of
this step, but under the experinental 15 conditions enpl oyed, no
significant inprovenent in the adhesion is observed for a tinme of |onger

t han about 60 seconds. During the "hot exit" step of the nethod according
to 20 the invention, the substrate surfj@ace coated with the copper is
renmoved fromthe el ectroplating bath while under electrical bias preferably

for a periogh ofvhat weer kand -l secopdsroiBhenkr eherafly J&ae@eﬁ)@él od of
about 1 to 5 seconds. 25 It has been observed in this case that a "cold

exit", thathds ?%e§a9b§?FVe@hWh?quﬁh%nﬁBFfﬁFﬁsO@tﬁé@|$¥h%ﬁ¥%®ea@%ln when
thﬁ 1g'al ef”'lﬁ@' cbla@ego;1§ hkgﬁ'{ibﬁiﬂ a}c%n![t%dtlntxtﬁitfh'pftﬁ@ b@fé&@réﬁ@a t f
substrate i.s remmved from e _electropl ati re5|s ance 0

t he copper li%tétﬂr%@rr e‘?ralg’r?]\%i ofl Rk tFastat ofsﬁqg% ferl ay2+sS even
though bt I@orsmmttim@5spe@5|atzi& seidepqaiion tbi ehd idledigreppeingn such a
coating wt conventional el ectrochem cal neans. 35 In contrast, it has

been obser Ve Unexpectedly, that a "hot exit" results in an extrenely thin
(10 rim seed | ayer having an electrical conductivity sufficient to allow

t he next step 9{ f'éié? k%eﬁp BBEQ? gyiné?%§r13?58380aﬁ?1 cgk de905|t|on

using processes Known ose s ageously t he "hot
exit" step BesHpI¢eficowbtairs poserd osaver chavipy ehatonducbivayy by

keepi ngot hec&hﬁé«t_mfep%%t'éieeérgﬁea%% @élﬁr{d;xaetﬁahee Mﬂﬁ? he

potential being neasured either relative to the count erel ect rode
circuit or ¥e8Rt59Ye tica FeRrEPENcEIEESS 0dBIGSH efrelIA @1 t Helatume

vol tage 10 grey@érdisl@uriory hhectgat igy ﬁeﬂ%lehl on Shrep Wensébbsdss al so
c.node, . The.co on OLP5ﬁ0|d entry" and

carried out of enti ost at
"hot exit" %ﬁ%ﬁé: 1P tHERM hol- ¥R cbPai RySF rPﬁ i En ‘makes it possible
15 It is therefore the “cold entry” and “hot exit” steps

that constitute the essential characteristic steps of
the method according to the present invention.

The step of forming the copper coating is carried out
20 in a relatively conventional manner, but it has been
observed that, unlike the processes described in the
prior art and especially in Patent US 6 811 675, the
level of current needed to form the coating is much
lower (at least five times lower than the mean value
25 mentioned in this prior patent, and in any case outside

the process windows mentioned therein).

“*Hot entry”, that is to say entry under bias, is the
standard practice in processes for electrochemically
30 depositing copper for filling trenches and wells. This
is Dbecause, since the electroplating solution is
generally acidic, it is likely to cause etching of the
seed layer and consequently electroplating is
prevented, something which must be avoided.
35
During the “cold entry” step of the method according to
the invention, the surface of the substrate to be
coated 1s ©preferably kept 1in contact with the
electroplating bath for a period of at least 5 seconds.



15 to achi eve better adhesion of the "seed |ayer/copper filling" assenbly
nore easily and reproduci bly. The step of form ng the coating by

el ectroplating is carried out for a duration sufficient to formthe 20
desired coating. This duration may be easily determ ned by a person skilled
in the art, the growh of the filmheing & function of the charge, which is
equal to the tinme integral of the electric current flowng in the circuit

over the depospisoRecbhmyyfearadaytfatady Z&jEMFing thess a&fededr M ng the
coating, the surface to he coated is biased, either |n\k%ta vangpst ati c node

(with a fifFidsst Eber FRYTHaFHOPoPENt T8t atlite ndBBI(WiMFTa $Fxed set
|00|tenéI i al apaj(@sjimaé,l y%ﬁﬁéﬁiémglp,atﬁefieﬁml SEhgl eahestlen off eirIS@ in |
pul sed node (el rt current or the .voltage belng pulsed). J 1s also
possi bl e to%ﬁﬁéﬁfﬁy?%zgéfitEBX?rfGF(5&%&%eggpg?ﬁngn%béFg%ﬁQ¥ﬁﬁuic node
fol |l owedsl byssesitelpy | NntRBdt gakvanodaat | chavdepekratdenailal adaesdionsfact ory
coating can.be aobtained by biasing i al v tat|c._nod r ef y wthin
t he curren?jF%nSESF 0.¥OﬁAf@ﬁE%%ngf 'aﬁ%%gge?ggéaarﬁg EHT§ﬁL§%%htinetre)
to 5 mA criBpearidt immlelpar evenl arhqudhomt0. ismilcngeneral miidhlcll t _

sati sf act org,Cod NgafBY; 888 ADLAINEdsbYaDl 89bRO D id RELERLIQst ali c
node, by |g§?5|q%}a ce voltage in such a way that_the resulting cel
current |iasingathivh t Bepsaidlivr roning ahge ids | pmatht EBipkeepssus|it

Al t hough the celdsamld@gariapendss | ladidéd 164l abf onceel IsLesi amparanet ers,
such as the distance fromthe 10 counterel ectrode or the gresence, of a

menbr ane, REAFHFehe E8SPTAIN% pbPsontlKi | PEPSSG helBYERESOBet etFi ne the
cel | vol t ageowbusias wényg Bihegh adiuabieg,t He dy refderofrdiedt f@t &€ gi ven

potental andg et sant s aUel A 1o A SALLALEE! B sea Wy al o be

pul ses. to 1 micron, or more) that it is easier and more useful

15 to determine the energy of adhesion of the ‘seed

layer/fill 1layer or thick copper or thick layer”

assembly to the barrier 1layer, which energy is the

operational property of interest that is actually to be

optimized. For example, this adhesion may be determined

20 Dby peeling an adhesive tape bonded to the upper surface

of the assembly, for example by using a pulling test

system. The adhesion measured in this way, or

interfacial energy expressed in J/m?, characterizes

overall both the adherence of the seed layer to the

25 barrier and that of the thick copper layer to the seed

layer. It does not given precise information about one

or the other interface, but it does allow the desired

operational property to be quantified, namely the

strength of the copper/barrier interface. In what

30 follows, the expressions “adhesion of the seed layer”,

“adhesion of the thick copper layer to the seed layer”

and “the strength of the copper/barrier interface after
filling” will thus be used interchangeably.

35 It has also been observed that if the duration of the
“cold” entry step is less than 5 seconds, the adhesion
of the copper layer to the substrate, although improved
compared with entry under bias, may remain insufficient

in certain cases, especially those requiring the



20 In general, this step may be carried out so as to inpose voltage pul ses
corresponding to a 'maxinumcurrent per unit area within the range fromO0.1
mVcn2 to 5 md/cn2, and nore particularly fromO0.1 md¥cn2 to 1 mA/cnR, and
to a mnimumcurrent per unit area wthin 25 the range fromO nm¥cn2 to 0.5
mA/ cn2, and nore particularly fromQ mycn? to 0.1 mA cn2. According to one
particul ar feature, the duration of bias at the maxi num vol tage nay be

between 0. Hppnd S 30 secondsodgdr exaenl e aforndn? geeends ditaxtvol tage
corresponding .to a_maxihnumcurrent per unit area of around 0.5 mA/ cn®,

wher eas t h&ddY ati (RGBS as2¥eTt I nfhi MR ST Fay “Bé ChetWeBm 0. 15 and
7 seconds, dmexxanpl e around 3 seconds, for a voltage corresponding 35 to
a mnimmcurrent per unit area of around 0.05 mAcnR2. - 14 - In general,
a person skilled in the art will readily determ ne the nunber of cycles to
be perf®rnexh kvoai pghidrathanghdel £t heaf dueaeidnowndd Weirer ateporidi t3 ons,

se

illustrated by the exa es_bel gw. it S bserv

depositionTa < (?Ss A og%)ljl%?ﬁ’ n%rﬁg?rgyggep%ﬁ}eée at§1 era%%éa%ggaéocf&b&s

i npl enent i md hendrw erprefehaislpeeabased LA pact i AW arseaorpisnducddieopper

seed | ayer i ghl v, resi splye es h e esi e 10
SirP&elh%ag&i%Jo 0%%&%% Rdbstral bg{/ enheged Ace of

whi ch may be up ) /'square, or en a féew nmegohns/square. The
el ect r opl atSUlp Rt dbky capost titeh) wWwed eVERheIReR Bod adedr difpto the

present oi N\Hd iGe$ 0Ny SeSspu tht i ip| Ulhcddsds SOl YgRbat @r SOUFka Of
copper ions and at |east one specific copper conplexing agent, preferably
in a parti zﬂ/n&dpper/corrpl exing agent(s) nolar ratio, and nore preferably
this bath nust have a pH of less than 7. 20 In particular, excellent

results hayg heen obtgined when, 0 t9ergkectLgRLAthY PALM maximum
duration of this step, but under the experimental
15 conditions employed, no significant improvement in the
adhesion is observed for a time of longer than about 60

seconds.

During the “hot exit” step of the method according to

20 the invention, the substrate surface coated with  the
copper 1is removed from the electrdbiating bath while
under electrical Dbias preferably for a period of
between 1 and 10 seconds, more preferably for a period
of about 1 to 5 seconds.

25
It has been observed in this case that a “cold exit”,
that is to say exit while not under bias (that is to
say again when the electrical bias of the substrate 1is
interrupted before the said substrate is removed from

30 the electroplating bath), the resistance of the copper
coating remains very close to that of the barrier
layer, even though it is sometimes possible to deposit
a thick filling copper on such a coating with
conventional electrochemical means.

35
In contrast, it has been observed, unexpectedly, that a
“hot exit” results in an extremely thin (10 nm) seed
layer having an electrical conductivity sufficient to
allow the next step of filling with copper by



t he copper/conpl exi ng agent(s) nolar ratio is between 0.1 and 2.5,
preferably between 0.3 and 1.3; 25 and the pH of the said
conposition is less than 7, preferably between 3.5 and 6.5. Although in
principle there is no restriction on the 30 nature of the solvent (provided
that it dissolves the active species gfy) the solution sufficiently and does
not interfere wwth the electroplating), water or a hydroal coholic solution

will be prefiidigbcdnithel CoRRRJS G BXNhPIHsddils Cathdip usd within

t he context of the present invention may be chosen from primary aliphatic
am nes, i n PSRkl Qhyiitanie a5f%d ohexyl ani ne, et hyl enedi ani neand - 15 -
cycl ohexanedi am ne; secondary aliphatic am nes, in particular

pyrrolidineg; tertiary. aliphatic amnes,in particular 5
hydr oxyet hfiAERTRAASHHY antf B et PRt HF ehep&hERnilTe; cdrried odt in
ar omat i $anipeeertiparddcid ambdd, dchatnobenzsnesand By5-kespidy| anid i ne;
ni trogen het.erqcycles,. in ticular pyrddine, 2,2.-bipyri.dine,_. .
8- hydroxyql?llr?o%lryec s%c?tb%%g? ,og, Eg@ iéfer at &’ fixed ¥ralue, this
phenant hr olpiatesrs;i%1di neehgypy medisnezndi2, 21 thbrpymedialiings abd dhees, in
part'CU|ard%dH¥éBQﬁ£é@?8dEL of the circuit or relative to a
reference electrode, preferably at the same voltage
10 level as during the coating deposition step when this

is also carried out in potentiostatic mode.

The combination of “cold entry” and “hot exit” steps in
the method according to the invention makes it possible

15 to achieve better adhesion of the “seed layer/copper
filling” assembly more easily and reproducibly.

The step of forming the coating by electroplating is
carried out for a duration sufficient to form the

20 desired coating. This duration may be easily determined
by a person skilled in the art, the growth of the film
being a function of the charge, which is equal to the
time integral of the electric current flowing in the
circuit over the deposition time (Faraday’s law).

25
During the step of forming the coating, the surface to
be coated is biased, either in galvanostatic mode (with
a fixed set current) or in potentiostatic mode (with a
fixed set potential, optionally relative to a reference

30 electrode) or else in pulsed mode (either the current
or the voltage being pulsed).

It is also possible to combine these steps, for example
a step 1in potentiostatic mode followed by a step in
35 galvanostatic mode.

In general, a satisfactory coating can be obtained by
biasing in galvanostatic mode preferably within the
current range from 0.1 mA/cm? (milliamps per square



In general, the nitrogen heterocycles that constitute 15 one of the
preferred classes of conpl exing agents that can be used within the context
of the present invention nay be defined as nonocyclic or polycyclic
conmpounds, whether fused or not, having 1 to 8 nitrogen atons, each ring of
which contains 5 to 6 nmenbers and may p§ 20 may not be substituted with 1
to 8 atons or groups of atons chosen from hal ogens, hydroxyl and al kyl

groups havidghd iR def 0 & CarbgR,/ah®Ms.ang mo}@e ﬁégg%&gp}i? t gﬁc(fq]{rpom tion

may include one or npre 25 conplexing agents. as been
excel | ent r@shiRA/ @Bn toe loMA(GIEd wi t h conpl eX| ng agents capabl e of being
adsorbed on a netal surface, resulting in ordered 30 | ayers. Such agents,

whi ch constitute,the cog er conpl exi ng (#gsnts currently preferred accordi ng
to the invéht$dhisirete geEPéitll?gpﬁa}lﬂl 0 obe ORtR}IEE MY RS HI mi xt ur es

thereof 5 i nippapbtettabsghxter efodd), Wby Chubde ikl al ééuomtt\é@@ﬂ fyridine

and 2, 2' r| di ne_35 S etvveen 1 an rably between 3:1 and
1:1 and rmr% Gt et V8K ﬁ“ﬁ%od_t ﬁ?su §%n9 ﬁﬁiénﬁ%ﬁ% ?l,l%/%é“’lt in
af orenment i orfezl seamee afuropper range s @ Coppddcaaktl sustewsoudiparticul ar

copper sul phelif,. SPPRSE £h1 91109 -SAPREL LT St ol Conpel. agetalpy

preferably copper i Ng PEG“6ne p icu t he
source of cigpiegn mrmemesent suchhi ast hehel e@tlrsa“rdrma n@mmpotshel on with

a concwraéd&&@}epééa@@@eo ﬁ and é@sg%cer %fferamma ween, O ¢ and 18

mM and nore 10 preferably et wee and Exce ent results have
been obt ai RY GREX d—c(?r¥po%| Pie§|$§n| nSkiil kedt A s"&lﬁc@r'éf teoppREermire | s

present W tdha @@me@@még@nbgf mRekWeehq0 e @R hSNngl S HRC Cadi &g t o a

preferred hod 0 | ementati on, the co n sou ce/copper conpl exi ng
agent (s) mIHEIAY o :Tﬁoﬁ he %l ec?+‘6?f?at|9|%€‘g‘b?r’;ﬁ‘)]gl tl%% used i iR net hod

accordi ng taornfiggureteidnon i s between 0.1 and 20 2.5, preferably between
0.3 ang51.3. | ngeneral , t hi sel ectropl ati ngconposition
A satisfactory coating may also be obtained by biasing
in pulsed mode, preferably so as to impose voltage
pulses.

20 In general, this step may be carried out so as to
impose voltage pulses corresponding to a ‘'maximum
current per unit area within the range from 0.1 mA/cm®
to 5 mA/cm?, and more particularly from 0.1 mA/cm? to
1 mA/cm?, and to a minimum current per unit area within

25 the range from 0 mA/cm® to 0.5 mA/cm?, and more
particularly from 0 mA/cm? to 0.1 mA/cm?.

According to one particular feature, the duration of
bias at the maximum voltage may be between 0.15 and 5

30 seconds, for example around 2 seconds for a voltage
corresponding to a maximum current per unit area of
around 0.5 mA/cm?, whereas the duration of bias at the
minimum voltage may be between 0.15 and 7 seconds, for
example around 3 seconds, for a voltage corresponding

35 to a minimum current per unit area of around
0.05 mA/cm?.

The number of cycles to be performed during this step
depends on the desired thickness of the coating.



advant ageously has a pH of less than 7, preferably between 3.5 and 6.5. 25
The pH of the conposition nay optionally be adjusted within the

af orenenti oned pH by neans of a buffer, such as one of those described in
"Handbook of Chem stry and Physics", 84th edition, David R Lide, CRC
Press. 30 A currently preferred electrpplating conposition conprises, in
aqueous solution: copper sulphate, with a concentration of between 0.4 and

40 M prefﬁ{ ﬁgéﬂegalbetawﬁ@rgoﬂ m1315ed18lﬁ1\/l@@ 4PF eyph ef exr@et&m;pf

bet ween 0 a m xture_ of Eyrl dine and 2,2' -bipyridine as

copper compt ?ﬁf%@e%?% number gheCxehper @obﬁePQ§§ﬂﬁm9érﬁPQﬁkﬁﬂs nol ar
rati o bei nget weeih@e afHel. 3foz@thentibhed generalt hQ:cﬁi?BPcflériE sai d

conposition heing | ess tha referably _between_ 3 and The process

accordi ng t'd blt tq’par%%‘irﬁy ﬁ%‘%n??ﬁﬁp §55 554 cd-ltarhaf &%,eé?rhlobﬁr‘ﬁer%parl ng a
copper 5eedHetyethdaVepgs i Vet yrhow 18i akoass) . Lonmi petasgelef the order of
10 nmor less, on a surface formng a barrier |ayer preventing copper

di ffusion. 10 According to a particular enbodinment, the barrier |ayer
prevent i ng Woppdatdieff usebhodonpf i siegp ldmdmeaisig ondenaipreatiohosexs anong
tant al um ni e, nt.al u t n i 4 ani itride,
exanpl es ofﬁe[séprgcll1 %g E)Lglr err{jL'lfE %%e?obggp@é o%%s8 é?s"tsletr?éi g];‘g}gé%

t ant al um niat |1épeghbmt3a¢@h$bi‘1f@yéub§fcrat|e@t, hé:rlneurﬁhe@'erresmﬁetqnce%ecm

inventign wiicmomapepkl higstE@t e6oby doeord | Syhdise N0Bz| behi g gXgnpl es in
whi ch t he net hqd accordlng to the invention is used to deposit a copper 20

seed IayerWﬁQQﬁmﬁcﬁﬁP%ﬂ%strates coated with a copper diffusion barrier
| ayer. This nmethod is especially applicable in the fabrication of copper

I nt erCOnneq'It]::LeSt ref(étc%grglsalgglnlgnt}ggigﬁt e(joxgl E:grlilllp%gltlon) used in the
method according to the present invention comprises, in

15 solution in a solvent, a source of copper ions and at
least one specific copper complexing agent, preferably

in a particular copper/complexing agent(s) molar ratio,

and more preferably this bath must have a pH of less

than 7.
20
In particular, excellent results have been obtained
when, in the electroplating bath:
- the copper/complexing agent(s) molar ratio is
between 0.1 and 2.5, preferably between 0.3 and 1.3;
25 and

- the pH of the said composition is less than 7,
preferably between 3.5 and 6.5.

Although in principle there is no restriction on the
30 nature of the solvent (provided that it dissolves the
active species of the solution sufficiently and does
not interfere with the electroplating), water or a

hydroalcoholic solution will be preferred.

35 The copper complexing agents that can be used within
the context of the present invention may be chosen
from:

- primary aliphatic amines, in particular

ethylamine, cyclohexylamine, ethylenediamine and



25 EXAMPLE 1: Deposition of a copper seed |layer on a TaN Ta barrier |ayer
according to a first nethod of inplenenting the invention A Apparatus and
equi pnent 30 Substrate: The substrate used in this exanple consisted of a
200 mm di aneter silicon wafer covered wth a silica 35 |layer having a

thi ckness of 400 nm itself coated w iy a tantalumnitride (TaN) |ayer
havi ng a thickness of 15 nm deposited by reactive sputtering and with a

tant al um ( T llasfarkaMiang i t hi ckness of 10 nm al so deposited by
sputtering. - 18 - This TaN Ta_"bil ayer" constitutes a copper diffusion
barrier as used 7 n SN YdanBLdBRETIS r uBTERES /i n the ﬁ’éﬁ%%’t i%gn of
copper i nt graaiedisad;or integrated circuits. 5 Electroplating solution:
The el ectropl ating solution used in this exanpl e was, an agueaqus .sol ution
containing: 0.37g/ fe(rc‘}rlaj’_-”.y?m\/pﬁdfphfotlf, 2" BERFS di net™ 0. BF LTI, 4m\) of
CuSO4. 55120 hyatr:rex iyil/dh thiy 1Rndig aid pysthaehy deepéhodmifhe; sol ution
bei ng around 6. Equipnent.:. 15 In this exanple, an_gl ectrql pl ati ng deposition
equi pnent repreéénféqQéiﬁﬁ trmﬁm%%%?byedngﬁ theﬁ%r-%dﬂiar Q,jj
diaminobenzene and 3,5-dimethylaniline;

- nitrogen heterocycles, in particular pyridine,

2,2'-bipyridine, 8-hydroxyquinoline sulphonate, 1,10-

10 phenanthroline, 3,5-dimethylpyridine and 2,2'-
bipyrimidine; and

- oximes, in particular dimethylglyoxime.

In general, the nitrogen heterocycles that constitute

15 one of the preferred classes of complexing agents that
can be used within the context of the present invention
may be defined as monocyclic or polycyclic compounds,
whether fused or not, having 1 to 8 nitrogen atoms,
each ring of which contains 5 to 6 members and may or

20 may not be substituted with 1 to 8 atoms or groups of
atoms chosen from halogens, hydroxyl and alkyl groups
having from 1 to 6 carbon atoms.

The electroplating composition may include one or more
25 complexing agents.

It has been found that excellent results can be
obtained with complexing agents capable of being
adsorbed on a metal surface, resulting in ordered

30 layers. Such agents, which constitute the copper
complexing agents currently preferred according to the
invention, are especially pyridine, 2,2’'-bipyridine and
the mixtures thereof, in particular mixtures in which
the molar ratio between pyridine and 2,2'-bipyridine

35 lies between 5:1 and 1:5, preferably between 3:1 and
1:1 and more preferably about 2:1.

In general, the electroplating composition includes a

source of copper ions, in particular cupric (Cu?*) ionms.



m croel ectroni csi ndustry, nodel EqQui noxTM rom Sem t ool (r), capabl e of
processi ng 200 mm wafers was 20 used. This equi pnrent conprised an

el ectropl ati ng deposition cell in which the seed | ayer was deposited and a
rinse/dry station was used after deposition. 25 The el ectropl ating
deposition cell conprised an anode, Imade either of an inert netal (for
exanpl e platinumcoated titaniunm or of a netal identical to that

consti tuti ngaddie: dBYEr .tid td¥Sr HRSE LORRET  sdbecS0 &t | I&g{pé&afer
coated with the TalN Ta barrler | ayer constituting the caﬁhod this cell.

This cell #@ES i AS vleFPRYAbPPLECISPERr®S uppl yp‘T“BFlEIB Per§PSp to 30 V

and 4 A ang @ levise fdafpp& elegloricad | yc@@@reactnmgrtala@ cat hastgopaphysi cal |y
i sol at ed fron1the solu g% a seal . %é el ectrical contacting device

general |y IRHFET ?fngp% PPRReSEHRR_bBstrate to be biased at

vari ousscont act points placed uniformy around the said substrate. - 19 -

It also included.a device for ortln t rt e , 1Hacludi ng
means for ?Ca?lf%]gflq hetosaf)&evmpg ét u%a%r eg% \eé,?%%hedglélg &%%gg of!
Exper i nent atogwert ocmbnsThesrretﬂmlsactcorwmlglno ttHn@ i rﬁvleerttmpbfdrmg sed the

fol |l ow ng @6&1:\%@1190&‘3%%1"6 %91551‘?901]1 ‘ﬁ’sgé o.dhig step was

divided into t ste orenentloned trate was |ntroduced
15 into thed®|més r@meéleirﬁ@ld’ep©§l tbQ#W%%ﬂll O0s4 taad tlﬁ?e M canfavieie t he

TaN Taq par rd £ d AYSTy CHBod Qg Ot 2CLNW 15 ke el ectrical contacting
device, the latter not yet being electrically powered.

Excellent results have been obtained with compositions
in which the source of copper ions is present with a
concentration of between 0.5 and 4 mM.
15
According to a preferred method of implementation, the
copper ion source/copper complexing agent(s) molar
ratio in the electroplating composition used in the
method according to the invention is between 0.1 and
20 2.5, preferably between 0.3 and 1.3.

In general, this electroplating composition
advantageously has a pH of less than 7, preferably
between 3.5 and 6.5.

25
The pH of the composition may optionally be adjusted
within the aforementioned pH by means of a buffer, such
as one of those described in “Handbook of Chemistry and
Physics”, 84th edition, David R. Lide, CRC Press.

30

A currently preferred electroplating composition
comprises, in agqueous solution:

- copper sulphate, with a concentration of
between 0.4 and 40 mM, preferably of between 0.4 and

35 18 mM and more preferably of between 0.4 and 15 mM;

- a mixture of pyridine and 2,2’'-bipyridine as
copper complexing agents;

- the copper/copper complexing agents molar ratio
being between 0.3 and 1.3; and



1.2. The assenbly formed by the electrical 20 contacting device and the
substrate, which hereafter will be referred as the "cathode assenbly", was
bought into contact, for exanple by imersion, with the electroplating
solution. This contacting step, generally lasting 5 seconds or |ess (for
exanple 2 25 seconds), was carried qutj-while the device was still not
electrically powered. According to one particular feature of the nethod

according to the ingntd®ny st hecalNede-Gasedd Yoaset AgN1kept dhad he

el ectropl ating solution wthout being biased for a period of at |least 30 5
seconds (fdr SLEFATERINMRRFSERetondd St2p 2: Formation of the copper
coating The cat hode assenbly was then biased in 35 potentiostatic node by

i mposing a cell voltage corresponding tqQ.a current per, unit_.area ,of

general 'y ggﬁe&?%ef q}.Stg?m/tg’r?Q E6S Banpiy B 6 ) and at
t he sang tigaviehdalead atusesntedorf Pbeparbfiigr aunstsoper sepdt dalffer exanpl e
40 rounds per_. - 20 -

. m nyte)..The duratigon of thi t end as wll
have been erst 6bdV e #R F&P& %f%*n%%%e%%é%%3?%e82e3§%5%€§kﬁ. Thi s
duration caf b easi by deser, momeda byuaf pee sborskng| ed barrtilee drayen he

growt h of ' ' . charge passed in the circuit. Under
R R R o e e ]

t he af orengnti one osition 10 rate was about 1 nm per
coul onb of charge passed in the circuit. In this exanple, the duration of

the el egtropl@idiGg to a particular embodiment, the barrier layer
preventing copper diffusion comprises at least one
material chosen among tantalum nitride, tantalum,
ruthenium, cobalt, tungsten, titanium nitride, examples
of specific barrier surfaces being ones consisting of a

15 tantalum nitride/tantalum bilayer or a ruthenium layer.

The present invention will now be illustrated by the
following non-limiting examples in which the method
according to the invention is used to deposit a copper

20 seed layer on silicon substrates coated with a copper
diffusion barrier layer. This method 1is especially
applicable in the fabrication of copper interconnect
structures for integrated circuits.

25 EXAMPLE 1: Deposition of a copper seed layer on a

TaN/Ta barrier layer according to a first method of

implementing the invention

A. Apparatus and equipment

30
Substrate:

The substrate used in this example consisted of a
200 mm diameter silicon wafer covered with a silica

35 layer having a thickness of 400 nm, itself coated with
a tantalum nitride (TaN) layer having a thickness of
15 nm deposited by reactive sputtering and with a
tantalum (Ta) layer having a thickness of 10 nm, also
deposited by sputtering.



step was around 50 seconds for obtaining a coating 15 having a thickness of
10 nm and around 200 seconds for obtaining a coating having a thickness of
40 mu. Step 3: "Hot exit" 20 This step may be divided into two substeps:
3.1. After the electroplating step, the copper-coated cat hode assenbly was
w thdrawn fromthe electroplating soluigon with a zero speed of rotation,
25 whil e being mai ntai ned under voltage bias. The duration of this phase

was about 2ripecoRdss/Ta THE18peed oSt ALhess Was &B?Beknqﬁfﬁﬁﬁﬁhé& 500
rounds per mnute for 10 seconds, the cathode assenb bi as 30 belng cut

of f durlrm)?¢ﬁ%l$¥n%$ phadeina " goubdien g@mﬁ%Q?Qﬁg(ﬁﬁ%&ﬁ?%ﬁﬁ%ﬁlQ%E @arried
out in the £gbtic3d302. dhe subpkiat @ ntealRmndddy t bseetht syesc¥@s then

transferred jnto, the rinsing/drying nodule in order to be rinsed with
dei oni zed v@ater¥itS- 21 - operation under a stream of nitrogen was carried
out. The rotation was then stopped so as to allow the dried coated

substrate to be éfnnved 35 In thlz gxgnple, the exit step, and in
particular the r Ssenbly fromthe el ectropl ating
solution, was carried out under voltage bias at the same |evel as during

the step of ﬁ@rﬁggt#%lgeﬁgggoléglgn Besy b ?103%@ %@Wé% fg the

experlnent protoco escri ove, copper 0 nm and 40
nmin thiclka@dseous solution containing: 0.3 g/l (or 1. 7mM) of

10 2,2'-bipyridine; 0.6 g/l (or 2.4mM) of CuS045H,0; and
0.3 ml/1 (or 3.3mM) of pyridine, the pH of the solution
being around 6.

Equipment :
15
In this example, an electrolplating deposition
equipment representative of that employed in the
microelectronics industry, model Equinox™ from
Semitool®, capable of processing 200 mm wafers was
20 used.

This equipment comprised an electroplating deposition
cell in which the seed layer was deposited and a
rinse/dry station was used after deposition.
25
The electroplating deposition cell comprised an anode,
made either of an inert metal (for example platinum-
coated titanium) or of a metal identical to that
constituting the seed layer, in this case copper, the
30 silicon wafer coated with the TaN/Ta barrier layer
constituting the cathode of this cell.

This cell also included a stabilized power supply for
delivering up to 30 V and 4 A and a device for
35 electrically contacting the cathode, physically
isolated from the solution by a seal. This electrical
contacting device generally had a ring shape and
allowed the substrate to be biased at various contact
points placed uniformly around the said substrate.



15 exhi biting excellent conformality, adhesion and resistance
characteristics were obtained. Conformality was assessed by observing
scanni ng el ectron m croscope cross sections and conparing the 20 thickness
of the seed |ayer on the horizontal surfaces with that on the verti cal
surfaces. The sheet resistance was jgeasured using a "4-point"”
measurenent instrunent well known to those skilled in 25 the art. The

adhesi on orrd nAesd aghal uaear gy 9esisBaATYetideFt lecthechameealto
deposition _ of a 500 nnlth#cé,copgﬁf Ia*g&é(glatlng Ia%er or, fill_layer or
thi ck coppdt® oroBEEEhi LRELEGERY Siraise dEPEGEIIITRIE F&dSur was
carri ed outatusd Ny iewERpareddssheedi] i ng test systen) that applied an

i ncreasing vertical pulling force on the surface via a strong adhesive tape
until the copper |ayer (seed |ayer and plating |ayer) separates fromthe 35
substrabe. The B Exdgerimentak gerdtocer nultiplied by | ength of the |ayer
that has delam nated) is equivalent to the energy that had to be supplied
in order to separate the copper layer fromits substrate. By dividing this
ener gy by tTe ameghodat ahagrdehanm pat éhe invention comprised the

following various consecutive steps.

10 Step 1: *Cold entry”

This step was divided into two substeps:

1.1. The aforementioned substrate was introduced
15 into the electroplating deposition cell so that the
face having the TaN/Ta barrier layer came into contact
with the electrical contacting device, the latter not

vet being electrically powered.
1.2. The assembly formed by the electrical
20 contacting device and the substrate, which hereafter
will be referred as the “cathode assembly”, was bought
into contact, for example by immersion, with the
electroplating solution. This contacting step,
generally lasting 5 seconds or less (for example 2
25 seconds), was carried out while the device was still
not electrically powered. According to one particular
feature of the method according to the invention, the
cathode assembly was then kept in the electroplating
solution without being biased for a period of at least

30 5 seconds (for example around 30 seconds).

Step 2: Formation of the copper coating

The cathode assembly was then biased in

35 potentiostatic mode by imposing a cell voltage
corresponding to a current per unit area of generally
between 0.4 mA/cm® and 0.8 mA/cm® (for example 0.6
mA/cm?) and at the same time rotated at a speed of 20

to 60 rounds per minute (for example 40 rounds per



- 22 - the energy per unit area is obtained. Sone of the results of the
nmeasurenents taken are given in Table 1 below. 5 EXAMPLE 2: Deposition of a
copper seed |ayer on a TaN barrier |layer according to a second net hod of

i npl ementing the invention 10 In this exanple, the nethod according to the
present invention is used for depositifig a copper seed | ayer on diffusion
barriers having a high resistance. A Apparatus and equi pnent 15 Substrate:
The substrahenused.in this exanple consisted of a 200 nm di aneter silicon
waf er coated with a silica |ayer 20 having a thickness of 400 nm itself
coated with a tantalumnitride (TaN) |ayer having a thickness of 5 nm
deposi ted byhéhauﬁbaib%_t ?jfﬂ Cthﬂggét@@p@éﬂéﬁé%l eabniangaal. HbrdhbsedaN | ayer
constitutin coppe Iffusjon barrie S ed, i n "doubl e_damascenpe”
structures é%ﬁkfﬁgggéppe?nin?%?coﬁﬂﬁg?gegf Fﬁf%ﬁpgﬁéd e rcﬁg?s ﬁ%ﬁga
surfacebreslayance Tiisar cunrdtisi) chns/bguacesiBY Tetermiiresd way then cut
into recta pi 5.cmin wdth an cmin.e h al Le

hereafter " %%% %sﬁsggf%c r&p aFgﬁb gg?ﬂtig%g é@gﬁ%%ﬂso uth% ugégmin this
exanpl e wasdepcadireousnsohat cbargenpassiedgin) theg/cirowiti. 7mV) of 2, 2' -

bi pyridine; 0.6 g/1 (or 2.4mV) of CuSOH.5H20; and 0.3 nil/1 (or 3.3m\M) of

pyridine, the_ pH of which was around o o
Under the aforementioned conditions, the deposition

10 rate was about 1 nm per coulomb of charge passed in the
circuit.

In this example, the duration of the electroplating

step was around 50 seconds for obtaining a coating
15 having a thickness of 10 nm, and around 200 seconds for

obtaining a coating having a thickness of 40 nm.

Step 3: “*Hot exit”

20 This step may be divided into two substeps:

3.1. After the electroplating step, the copper-
coated cathode assembly was withdrawn from the
electroplating solution with a zero speed of rotation,

25 while being maintained under voltage bias. The duration
of this phase was about 2 seconds.

The speed of rotation was then increased to 500 rounds
per minute for 10 seconds, the cathode assembly bias
30 Dbeing cut off during this final phase.

A pre-rinse with deionized water was carried out in the
cell.

35 3.2. The substrate coated with the seed layer was
then transferred into the rinsing/drying module in

order to be rinsed with deionized water.

The rinsing water was then removed, and then a drying



- 23 - 6. Equipnent: 5 For this exanple, a glass cell was used in which 100
m of the aforenentioned el ectroplating solution were introduced. This cel
was provided with a cover having two 10 openi ngs, opening into two

encl osures in which, on the one hand, a sanple holder and its electrical
contacting device and, on the other hand,_ the anode fornmed froma platinum
coated titaniumpart were fastened. 15 The el ectrical contacting device and
the anode WeJ& HAMLGIRILE O & PUANTL O AL r §3ORONEs Oba gl bgepipg 20 V/ 2 A
B. Experinental protocol The nethod according to the invention conprised
the foll ow ng various consecutive steps. Step 1. "Cold entry" This step
may be di vitged iotDciv® ®HBSEERS. stoppel o Eaghtspeadileen ties d#iéedduced
into the electro|pl%%%§9 deposition cell _so that the face having 30 the TaN
barrier |af& 4 Tont e tPRi TV el ectrical contacting device, the

| atter mot yet being electrically powered. 1.2. The assenbly forned by the

el ectrical 35 contacting.device and.the substrate. which.hereafter will be

referred afnt htghl‘%afaﬁ%ﬁl l%Se‘%bﬁ’ ye}flé\/agtggugh%mlﬁ n?% Pgr]ftté‘gtu,laf]'ﬁor&&anpl e by

i mrer si on, neridvalheo®l eloer opthoiagaseknbilyn £rom $heorelexttimgp s teing

general Y |Q8ing:> SREANUSAPL bES Sl Oln¥3MY61 fage Hhae SEEONRL, was
ITe the de I

carried out vi Cé was st not el ectric y powered. According
to one partSeag dreveatas cdwfinpethet dloel aeEofdrmgngothRecpaténgi-on, the
cat hodggassenbly was then kept in the electroplating 5 solution wthout

bei ng biased for_a period of greater than 5 seconds (for exanple around 30
seconds) . C. Results obtained

By applying the experimental protocol described above,
copper layers of 10 nm, 20 nm and 40 nm in thickness

15 exhibiting excellent conformality, adhesion and
resistance characteristics were obtained.

Conformality was assessed by observing scanning
electron microscope cross sections and comparing the
20 thickness of the seed layer on the horizontal surfaces

with that on the vertical surfaces.

The sheet resistance was measured using a “4-point”
measurement instrument well known to those skilled in
25 the art.

The adhesion or interfacial energy was measured after
electrochemical deposition of a 500 nm thick copper
layer (plating layer or £fill layer or thick copper or
30 thick layer) on the seed layer. This measurement was
carried out using an apparatus (pulling test system)
that applied an increasing vertical pulling force on
the surface via a strong adhesive tape until the copper
layer (seed layer and plating layer) separates from the
35 substrate. The work of this force (force multiplied by
length of the layer that has delaminated) is equivalent
to the energy that had to be supplied in order to
separate the copper layer from its substrate. By
dividing this energy by the area that has delaminated,



Step 2: Formation of the copper coating 10 The cat hode assenbly was then

vol tage biased so as to inpose voltage pul ses on the cell, having a nmaxi num
of 8 Vto 12 V (for exanple 10 V) and a maxi nrum between 0 V and 2 V (for
exanple 1 V). 15 The duration of biasing at 10 V was between 0.1 and 5
seconds (for exanple 2 seconds). The diyation of biasing at 1 V was between
0.15 and 7 seconds (for exanple 3 seconds). 20 In one specific exanple,

each vol t age, ApHd LA} Iy Gvel € Lheseforepneonsigted of biasing for 2 seconds
at 10 V followed by biasing for 3 seconds at 1 V. 25 Under these
experinmental conditions, the deposition rate was about 0.32 nm per cycle
and 200 cyddife Wef echidUBeSal €8 f0thel MeBklitenicd tRPtRiker LAPRETvEpati ng
havi ng a thicg? s of 6§£run. 30Step 3: "Hot exit" The cathode assenbly
was then wi'th aj%r?vlerqe? Wiy fromthe solution while still being under
vol t agesbias of 10 V. 35 Each specinmen was then rinsed by hand with
E:Ieizgni_zgd ARS8 P3 nsiantdrgego'reg_ IP0, 8 or S{Jaﬁe;onds.
copper seeddmier halayera sheectordisgst oce of Gecaondd speshodnwaob
obt ai ned. ' ctrochem cally deposited on this

| ayer. 10 ui L iﬂ&uéﬁ%??n ay5?$§ssenbly had an interfacial energy of
around 6 J/ n2 neasured by the technique described in exanple 1. The

af or engpt i ofedepr gt %@Hmﬂ@é, alt?l_% %M&da%bﬁd%§§%0%ﬁ@%§éé€ﬁtf rom
silicon wafers coated, wwth barrier |layers having high resistivities varying

bet ween 200-HEHoIRRs . £ BHE56°500SRPEAEARE. EmIIPRET R{SRIPYRD Fhd 100

000 ohms/ s@ligfif)sion barriers having a high resistance.

A. Apparatus and equipment

15
Substrate:

The substrate used in this example consisted of a 200
mm diameter silicon wafer coated with a silica layer

20 having a thickness of 400 nm, itself coated with a
tantalum nitride (TaN) layer having a thickness of 5 nm
deposited by the ALD (atomic layer deposition)
technique.

25 This TaN layer constituting a copper diffusion barrier
as used in “double damascene” structures for the copper
interconnects of integrated circuits had a surface

resistance of around 3500 ohms/square.
30 This wafer was then cut into rectangular pieces 1.5 cm
in width and 6 cm in length, called hereafter

“samples”.

Electroplating solution:

35
The solution wused in this example was an agqueous
solution containing: 0.3 g/l (or 1.7mM) of 2,2'-
bipyridine; 0.6 g/l (or 2.4mM)}) of CuS04-5H;0; and 0.3
ml/1l (or 3.3mM) of pyridine, the pH of which was around



20 Good results were obtained in terns of confornality, adhesion and

resi st ance. EXAMPLE 3: Deposition of a copper seed |ayer on an Ru
barrier layer according to a third nmethod of 25 inplenenting the invention
In this exanple, the nmethod according to the present invention was used to
deposit a copper seed layer on a ruthemum based diffusion barrier. 30
Substrate: The substrate used in this exanple consisted of a silicon coupon
6 cmin length by 2 cmin width, coated 35 with a silica |ayer having a

t hi ckness of 400 rim itself coated with a ruthenium (Ru) |layer having a

t hi ckness of 30 nm deposited by sputtering. The sheet resistance of this
substrate was 7.fqpolipmdguare. - 26 - This Ru |ayer may constitute a
copper diffusionbarrier as used in "doubl e damascene" structures in the
fabrication of copper interconnects for advanced integrated circuits.

Sol uti oB: THux stiid iememskd, i a ghassexal)l erasasidedenin cdlidio Td@tmDf
Exanpl e 1. uiprent:.ln this.exanpl e, a.qlass .electr ti.c _deposition cel
mde up of Thio Bt < HRbeigah  SRAR Lol R R iR s DS 1 the
el ect ropl atimgrabiagd on, and a "cover" for maintaining the various

el ectrodes in operative position. The el ectrol ytic deposition cell had
three el ectrodes: 20- an inert netal (platinum anode; - the silicon coupon
coated wit Ifhie TedlTa wager preonsied utWwhght ha c&ovede; haiging two

10 openings, opening into two enclosures in which, on the
one hand, a sample holder and its electrical contacting
device and, on the other hand, the anode formed from a
platinum coated titanium part were fastened.

15 The electrical contacting device and the anode were
connected to a potentiostat capable of delivering

20 v/2 A.

B. Experimental protocol

20
The method according to the invention comprised the
following various consecutive steps.
Step 1: “*Cold entry”
25

This step may be divided into two substeps:

1.1. Each specimen was introduced into the

electrolplating deposition cell so that the face having

30 the TaN barrier layer came 1into contact with the

electrical contacting device, the latter not yet being
electrically powered.

1.2. The assembly formed by the electrical

35 contacting device and the substrate, which hereafter
will be referred as the “cathode assembly”, was bought
into contact, for example by immersion, with the
electroplating solution. This contacting step,
generally lasting 5 seconds or less (for example 2



- an Ag/ AgCl04 reference el ectrode. 25 Connectors enabled the electrical
contacting of the el ectrodes which were connected via electrical wires to a
potentiostat delivering up to 10 V/2 A B. Experinental protocol 30 The

el ectropl ating nmethod used in this exanple was nade up of the foll ow ng
various consecutive steps. - 27 - Theyglectrodes were brought into contact
with the electroplating solution. At this stage, the assenbly thus forned

was still notcpleotrigat! Béati'ﬁ%ﬁﬂ bt WasiBd ithe QReREd redkt fgthential). 5
The assenbly was maintained in this state (i.e. under no electrical bias)

for a peri 6tPtof SABCEBLEBLE¥cHNENIDr BLERPLETS0 < cBREs PRAHSHRD:

Formati on dfedtig-€opperneoatddibd hac@@t:a@.ﬂg V@ﬁ bhésedvien tdahyangsd ati c
nmode within a_current reﬁﬁ%e from 2

r cn® or
my cn) (f & | 858 Yor"a® 7E§hrﬁ53/ gﬁ?f %Sas%ﬁfgtwlﬁ?a n may be
enpl oyed - édlxﬁdﬂ@y\swsomhyda@d&)gnaﬁiasé@gifm tao peresflablfi sheshtier t he
cell. The ration. of t tep depended _on_thetar 20 t hi ckness of
the seed la at’na ¢ co(m écﬁ ye%aég%g?e?ﬁloﬁlél§ 9/ geggi@gh skilled in the
art, the gromh of the fllmbel ng a function of the charge passed in the

circuit. 25 Undey éIpez afﬂmégngg Eﬂgdb5b85§ cBQ@:LﬂSpOS' tion rate was

about 33 ri m per—coutonb—ot—chargepassed—rTnh the—crrcurt. In this
exanpl e, the duration of the electroplating 30 step was about 200 seconds

in ordep terbtakPndasoaksBaNgY i arhBhCkRSSE R BPYEd4Qor Id8 to

impose voltage pulses on the cell, having a maximum of

8 V to 12 V (for example 10 V) and a maximum between
0 Vand 2 V (for example 1 V).

15 The duration of biasing at 10 V was between 0.1 and 5
seconds (for example 2 seconds).

The duration of biasing at 1 V was between 0.15 and 7
seconds (for example 3 seconds).

20
In one specific example, each voltage application cycle
therefore consisted of biasing for 2 seconds at 10 V
followed by biasing for 3 seconds at 1 V.

25 Under these experimental conditions, the deposition
rate was about 0.32 nm per cycle and 200 cycles were
thus carried out in order to obtain a copper coating

having a thickness of 65 nm.

30 Step 3: “Hot exit”

The cathode assembly was then withdrawn vertically from
the solution while still being under voltage bias of
10 v.

35
Each specimen was then rinsed by hand with deionized
water for 30 seconds and dried with an argon gun for 30
seconds.



Step 3: "Hot exit" 35 The cathode was then renoved fromthe solution, the
bias still being applied. - 28 - argon gun with a gas pressure of around 2
bar. C. Results obtained 5 By applying the experinental protocol described
above, a continuous conformal copper layer 40 nmin thickness was obtained
(this being observed in a scanning el egfron mcroscope). 10 This copper
seed | ayer had a sheet resistance of 2.5 ohns/square neasured by the nethod
described in Exanplmedults sB¥MAEa4: Deposition of a copper seed |ayer on
a 15 TaN Ta barrter Tayer according to a fourth nethod of inplenenting the
i nvention A. Apparatus and equi pnent 20Substrate: The substrate
;;EFI in th:rn ?Kﬁ&pkfpé@iﬂﬂﬁnﬁkéﬁjlpléo daffeix@m abetre,n a?Xaﬁpge_rl.s%e_d |
ectropl.atin ol ution: e electroplatin olution used_in this exanple
tos an aqneguie dBSYBhEo B hiter T85SSRARRECHE B it PO/ BRURE AT &
cl eanr obm exbdaiom@nt (class 10,000 or 30 1SO 7) containing: 0.4 g/1 (or
2.56 M) of 2,2'- bipyridine (purity 99.7% supplied by Oxkem 0.8 g/1 (or
3.2 mm) of CuSHM5H20 (purity 99.995% supplied by Alfa Aesar; and 0. 367
m/1 (or 4@Mcoppeyrifdiide l(gyed twa9oedegtroppenédaby vAIdhHosi.te83b Adt er
preparatioqzjngL lution was filtered at 0.2 The pH of the solution was
bet ween 5.95? q nent: - 29 -

10 The seed layer/fill layer assembly had an interfacial
energy of around 6 J/m? measured by the technique
described in example 1.

The aforementioned protocol was also employed with

15 coupons obtained from silicon wafers coated with
barrier layers having high resistivities varying
between 200 microhms.cm and 50 000 microhms.cm (i.e.
between 400 and 100 000 ohms/square).

20 Good results were obtained in terms of conformality,
adhesion and resistance.

EXAMPLE 3: Deposition of a copper seed layer on an Ru

barrier layer according to a third method of

25 implementing the invention

In this example, the method according to the present
invention was used to deposit a copper seed layer on a
ruthenium-based diffusion barrier.
30
Substrate:

The substrate used in this example consisted of a
silicon coupon 6 cm in length by 2 cm in width, coated
35 with a silica layer having a thickness of 400 nm,
' itself coated with a ruthenium (Ru) layer having a
thickness of 30 nm deposited by sputtering. The sheet
resistance of this substrate was 7.5 ohms/square.



The equi pnent used in this exanple is identical to the one used in exanple
1. B. Experinental protocol The electroplating nethod used in this exanple
is identical to the one used in exanple 1. C. Results obtained By applying
t he above experinmental protocol, copper layers of 10 rimand 20 nmin
t hi ckness exhi biting excellent confarngity, adhesion and resistance
characteristics were obtained. 15 The excellent conformality
characteri sties @i 1dysr!RYer c8h8tithbst hakegper Higes dra Be-idy whi ch
represent cross-sectional view.in backscattered el ectrons ngde enhancing
chemical c@ft rds$ed201Bonf Glovdlia y RRSTIRPCheStHHSTEFSS cR&r acti¥t i zed on
a large scaHmAiGDliah) uUsiEng se@déer onRitier-cothrar sreasyreneitvirsdwyed a
copper |l ayer thickness of 7nmat the top, bottom and sidewalls of trenches
and t hey aﬁ?qgquFﬁﬁiﬁPﬁﬁﬁ%%ﬁent with actual thicknesses observed by SEM
cross-sgctions. Except for scatteronetry, all characterization nethods are
identical to th nes. used in exanple 1. 30 Table 1 bel ow gives sone of the
results obtaine§¥£¥§?ﬁ%1énenting Exanples 1 to 4 descri bed above. More
precisely, this table reports the sheet resistance and adhesi on val ues
(measured agror ﬂQcicS’nt@eBr%Oﬁﬂhé §§Eln§%0€vta%d.i' SRl & ol)eipdit ai ned
for copper ‘see ayers of ~variable thi cknésses . Simiar trends were al so
observed f@&f tBramhetl r esi stance before treatment of a few hundred
ohns/ sggare, or several tens of thousands of ohns/square or even up to a
f ew megohns/square., - 30 - For conparison, this table also reports the
sheet resi st ancEBHPBIMesi on val ues obtai ned fromthe conpositions
specifically used within the context of the invention by applying a
standard elgotrplatlng.d et 00 100MPrdPLOG: 81y POL " LA 3R defp!
made up of two parts was used, namely the cell intended

15 to contain the electroplating solution, and a “cover”
for maintaining the various electrodes 1in operative
position.

The electrolytic deposition cell had three electrodes:
20 - an inert metal (platinum) anode;
- the silicon coupon coated with the TaN/Ta
layer, constituting the cathode; and
- an Ag/AgClO, reference electrode.

25 Connectors enabled the electrical contacting of the
electrodes which were connected via electrical wires to

a potentiostat delivering up to 10 V/2 A.

B. Experimental protocol

30
The electroplating method used in this example was
made up of the following various consecutive steps.
Step 1: “Cold entry”
35

The electroplating solution was poured into the cell.

The various electrodes were placed on the cover of the
electrolytic cell.
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The electrodes were brought 1into contact with the
electroplating solution. At this stage, the assembly
thus formed was still not electrically biased (it was
at i1ts open-circuit potential).

5

The assembly was maintained in this state (i.e. under
no electrical bias) for a period of 10 to 60 seconds
(for example 30 seconds).

10 Step 2: Formation of the copper coating
The cathode was biased in galvanostatic mode within a
current range from 2 mA (or 0.25 mA/cm?) to 8 mA (or
1 mA/cm?) (for example 6 mA (or 0.75 mA/cm?)).

15

Degassing with argon may be employed - it allows some
hydrodynamic regime to be established in the cell.

The duration of this step depended on the targeted

20 thickness of the seed layer and could easily be
determined by a person skilled in the art, the growth
of the film being a function of the charge passed in
the circuit.

25 Under the aforementioned conditions, the deposition
rate was about 33 nm per coulomb of charge passed in
the circuit.

In this example, the duration of the electroplating
30 step was about 200 seconds in order to obtain a coating

having a thickness of about 40 nm.

Step 3: “Hot exit”

35 The cathode was then removed from the solution, the
bias still being applied.

The cathode was then discomnected, and thoroughly
rinsed with 18 MQ deionized water, then dried using an
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argon gun with a gas pressure of around 2 bar.

C. Results obtained

5 By applying the experimental protocol described above,
a continuous conformal copper layer 40 nm in thickness
was obtained (this Dbeing observed in a scanning
electron microscope) .

10 This copper seed layer had a sheet resistance of
2.5 ohms/square measured by the method described in

Example 1.

EXAMPLE 4: Deposition of a copper seed layver on a

15 TaN/Ta barrier layer according to a fourth method of

implementing the invention

A. Apparatus and equipment

20 Substrate:

The substrate used in this example is identical to the
one used in example 1.

25 Electroplating solution:

The electroplating solution used in this example was an
agqueous (de-ionized water 18.2 Mohm.cm) solution
prepared in a cleanroom environment (class 10,000 or

30 IS0 7) containing: 0.4 g/l (or 2.56 mM) of 2,2’'-
bipyridine (purity 99.7%) supplied by Oxkem; 0.8 g/l
(or 3.2 mM) of CuS04-5H,0 (purity 992.995%) supplied by
Alfa Aesar; and 0.367 ml/1l (or 4mM) of pyridine (purity
99.9%) supplied by Aldrich.

35 After preparation, the solution was filtered at 0.2 um.
The pH of the solution was between 5.94.

Equipment:



6 Exanple 3 40 7.5 2.5 > 20 Exanple 4 20 22 5.3 > 20 Exanple 4 10 21 15 >
20 10 The observati ons nmade on scanni ng el ectron m croscope Cross
sectional views showed that the copper seed | ayers obtai ned by inplenenting
t he met hod according to the invention are uniformand continuous and fully
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The equipment used in this example is identical to the
one used in example 1.

B. Experimental protocol

5
The electroplating method used in this example is
identical to the one used in example 1.
C. Results obtained

10
By applying the above experimental protocol, copper
layers of 10 nm and 20 nm in thickness exhibiting
excellent conformality, adhesion and resistance
characteristics were obtained.

15
The excellent conformality characteristics of this
layer are illustrated in figures 1la and 1b which
represent cross-sectional view in backscattered
electrons mode enhancing chemical contrast.

20

Conformality over trenches was also characterized on a
large scale (0.01mm?) using scatterometry. These
measurements showed a copper layer thickness of 7nm at
the top, bottom and sidewalls of trenches and they are

25 in good agreement with actual thicknesses observed by
SEM cross-sections.

Except for scatterometry, all characterization methods
are identical to the ones used in example 1.
30
Table 1 below gives some of the results obtained by
implementing Examples 1 to 4 described above. More
precisely, this table reports the sheet resistance and
adhesion values (measured according to the protocols
35 indicated in Example 1) obtained for copper seed layers
of variable thicknesses. Similar trends were also
observed for the sheet resistance before treatment of a
few hundred ohms/square, or several tens of thousands
of ohms/square or even up to a few megohms/square.



The results thus obtained al so show that the nethod according to the

I nvention makes it possible in particular to produce conti nuous confor mal
copper seed | ayers that may have a thickness of around 10 nmor 20 |ess and
exhi bit excellent adhesion to diffusion barrier surfaces. Table 1 shows in
particular that the copper seed filns f)\pve a sheet resistance very nuch

| ower than that of 25 the surface of the substrate, this sheet resistance

bei ng | owerrdhe ddinskersdhe seets | ay@bie -aBdo- ddSoeePpernhseeshéayers
obtained are sufficiently _condycti.ng (of sufficiently |low sheet resistance)
Do 2l low SURTHIGRCS || Py ByEsien aies] oEDLEHIaEs ndr el Hisng when
the thi cknessmsds ittors ceppreyi Seed layatseds wetyisnmalle sualeas fOof exanple
around 10 or .l ess., .The %Fasure adhesi on vg%&esdargbat Ieaﬁt equi val ent
i f not bet t®tt HAW THOSE KXt GBErY1HE eRpettdd By a T0°per ®reski¥1 ed in

t he art 5w triethddecoomt exingfat Meot frpkenent ahoa Otoaddgpettieri ng process
These results therefore show that the nethod according to the invention
clearly solves the technical problem 15 posed. - 32 - CLAIMS 1. Method of
coating a surface of a substrate w fTABLE lcopper by el ectroplating, wherein
said surface is a 5 copper diffusion barrier |ayer, characterized in that

It conpri ges:
Copper seed Sheet resistance
layer (ohms/square)
obtained Thickness Before After Adhesion
according EO: (nm) treatment | treatment (J/m?)
Comparative 20 23 18 5
Example
Example 1 20 23 8 11-13
Example 1 10 23 18 11-13
Example 2 65 3 500 .5 6
Example 3 40 7.5 > 20
Example 4 20 22 5.3 > 20
Example 4 10 21 15 > 20

10 The observations made on scanning electron microscope
showed that the
layers obtained by implementing the method according to

cross sectional views copper seed
the invention are uniform and continuous and fully meet
conformality requirements.

15
The results thus obtained also show that the method
according to the

particular to produce continuous conformal copper seed

invention makes 1t ©possible in
layers that may have a thickness of around 10 nm or
20 less exhibit

barrier surfaces.

and excellent adhesion to diffusion

Table 1 shows in particular that the copper seed films
have a sheet resistance very much lower than that of
25

the surface of the substrate, this sheet resistance

being lower the thicker the seed layer.



a step referred to as "cold entry” during which the said surface to be
coated is brought into contact with an electroplating bath while the said
surface is 10 not under electrical bias; a step of formng the coating
during which the said surface is biased for a tinme |ong enough to formthe
said coating; a step referred to as "fjot_ exit" during which 15 the said
surface is separated fromthe el ectropl ating bath under electrical bias;and

in that thenaf oresmeds ongdeg! eatehRRAL | R HEhdd CogpEI Sew Al S@nHiwen in a
solvent: a source of co%per ions, wth conc%ntrati on, 20 of between 0.4
and 40mV &RFIUCHIN%adP orﬁélfc%b%‘?nEL}ﬁpl n§REGENtTRFLIEAFROm%he group

conpri si ngapniockAary alsuphicueradn nes,fisidcanflary ay phat icorardnigsondlerti ary

al i phati c ami nes rQmati c am nes,. hitrogen terocycl es, and_oxines. 25

2. Met hod aé@%ﬁi%qﬂ§ B%i nﬁffﬂéﬁgfﬁﬁtégﬁ edgﬁﬁ tﬁ%¥c%ﬂ%é%oﬁ%%nt i on of

t he sous ce cobpzappeeedoiayviex bes weery0. dmaht, 18unhl as for example
around 10 nm or less.

The measured adhesion values are at least equivalent if
not better than those that would be expected by a

10 person skilled in the art within the context of the
implementation of a sputtering process.

These results therefore show that the method according
to the invention clearly solves the technical problem
15 posed.



30 3. Method according to Claim1, characterized in that the concentration
of the source of copper ions is between 0.4 and 15 mM 4. Met hod accordi ng
to one of Clainms 1 to 3, 35 characterized in that, during the

af orenenti oned "cold" entry step, the surface to be coated is kept in
contact with the electroplating bath for a period of at |east 5 seconds. -

33 - characterized in that the&tg% ntioned step of formng the
coating is carried out by biasing in vanostatic node, within the current
range from0.1 mNVcn2 (mllianps per square centinetre) to 5 mA cn2.

6. Met hod accor di to CI ract i g hat stda;@;t@artreenw ts in the
range fromg nﬁ%& afl Céatggg 2 sgggfgg%entl rreé mA/:(L:mZ 10
7. Met hod accoppleng k30 @ri@C(tfrogleﬁtr%él% tUhEreéﬁar%‘E’f a}chetﬁgt The

af or errer%tl ogggpége@ﬁfﬂlfsqrdﬁ Ngatbeceoatd iy ,i Scharacedrmuedbwrbl BBahg in
pot enti dst node, inmposing a cell voltage so that the resulting cell
current |iestwrPHPALERB 0.1 mVcn2 to 15 5 mA cn® range. 8. Met hod

according to d al-m zZ, scb@r aetferireed ttcheas exedkd ngneay! durieat PR within
the 0.1 rrA/ch Y YTC1 <4 apge. p20:9at Mt had 1AchR Ninte eoatattd ains 1
Ege r?atll?at the™a

characteriz orementi oned form ng, the c%gtl ngfaé rr| ed out

by m)de sowasht @ri n@b%@t%PlQEénﬁuI}@éél NS i S&t cUrrent per unit
from 0.4 ggﬂuhge§ peerZzianRd 3QaE). Method according to Claim9,

char act’ erl zed in that the vo t?ge{}{ﬁ%’%?%%e CHoraetsﬁﬂj‘déhﬁ‘Elﬁé’ L AecABXhEUM

cat hode current per auf%eFar n the ran fromO mA ¢ to 1
mA cn®, andshedt hmrfaderuhs chtiihsdd dlor eat thHEe NI a?ré%ugfé WPt FPF™ he

f.ange from%he s%q% %a%1%g%5 mA cne.

- a step referred to as “hot exit” during which
15 the said surface is separated from the electroplating
bath under electrical bias; and in that the
aforementioned electroplating bath comprises, in
solution in a solvent:
- a source of copper ions, with a concentration
20 of between 0.4 and 40mM; and
- at least one copper complexing agent chosen
from the group comprising primary aliphatic amines,
secondary aliphatic amines, tertiary aliphatic amines,

aromatic amines, nitrogen heterocycles, and oximes.

25
2. Method according to Claim 1, characterized in that
the concentration of the source of copper 1lons 1is
between 0.4 and 18 mM.

30 3. Method according to Claim 1, characterized in that

the concentration of the source of copper ions 1is
between 0.4 and 15 mM.

4. Method according to one of Claims 1 to 3,
35 characterized in that, during the aforementioned “cold”
entry step, the surface to be coated is kept in contact
with the electroplating bath for a period of at least 5

seconds.

40 5. Method according to one of Claims 1 to 4,
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to one of C rrs t.Q 17,
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formlng the coatlng is carried out by biasing in
potentiostatic mode, imposing a cell voltage so that
the resulting cell current lies within the 0.1 mA/cm? to

15 5 mA/cm® range.

characterized in that,

8. Method according to Claim 7, characterized in that
the resulting cell current lies within the range from
0.1 mA/cm?® to 1 mA/cm’® range.
20
9. Method according to one of Claims 1 to 4,
characterized in that the aforementioned step of
forming the coating is carried out by biasing in pulsed
mode, so as to impose voltage pulses corresponding to a
25 maximum cathode current per unit area within the range
from 0.1 mA/cm® to 5 mA/cm? and to a minimum cathode

current per unit area within the range from 0 mA/cm’® to

0.5 mA/cm®.

30 10. Method according to Claim 9, characterized in that
the voltage pulses corresponding to the maximum cathode
current per unit area is within the range from 0.1
mA/cm? to 1 mA/cm?, and to the minimum cathode current

per unit area is within the range from 0 mA/cm® to 0.1

35 mA/cm’.

11. Method according to one of Claims 1 to 10,
characterized in that, during the “cold entry” step,

the surface to be coated 1is maintained in contact with
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of a copper diffusion barrier layer, such as a bilayer

15

based on tantalum nitride/tantalum (TaN/Ta) or just a

tantalum nitride (TaN) layer.

15 14. Method according to one of Claims 1 to 13,
characterized in that, during the “hot exit” step, the
coated surface is withdrawn from the electroplating
bath while under bias for a period of between 1 and 10
seconds.

20
15. Method according to Claim 14, characterized in

that the period is between 1 to 5 seconds.

16. Method according to one of Claims 1 to 15,
25 characterized in that, in the aforementioned electro-
plating bath:
- the copper/complexing agent (s) molar ratio 1is
petween 0.1 and 2.5; and
- the pH of the said composition is less than 7.
30
17. Method according to Claim 16, characterized in
that the molar ratio of the copper/complexing agent (s)

is between 0.3 and 1.3.
35 18. Method according to one of Claims 16 to 17,
characterized in that the pH of the said composition is

between 3.5 and 6.5.

19. Method according to one of Claims 1 to 18,



35 24. Method according to Claim 23, characterized in that the
concentration of the copper sulphate is between 0.4 and 18mM - 36 - 25.
Met hod according to Claim 23, characterized in that the concentration of

t he copper sul phate is between 0.4 and 15nM 5 26. Method according to one

of Clainms 23 to 25, characterized in-tdat-the pH of the said conposition is
between 3.5 and 6. 5.

characterized in that, in the aforementioned
electroplating bath, the aforementioned solvent is
chosen from water and hydroalcoholic mixtures and the
source of copper ions is a copper salt, such as in
5 particular copper sulphate, copper chloride, copper

nitrate or copper acetate.

20. Method according to Claim 19, characterized in
that the copper salt is copper sulphate.
10
21. Method according to one of Claims 1 to 20,
characterized in that, in the aforementioned electro-
plating bath, the aforementioned copper complexing
agent is a nitrogen heterocycle chosen from pyridine,
15 2,2'-bipyridine, 8-hydroxyquinoline sulphonate, 1,10-
phenanthroline, 3,5-dimethylpyridine and 2,2"-
bipyrimidine.

22. Method according to one of Claims 1 to 21,
20 characterized in that the aforementioned electroplating
bath includes a mixture of pyridine and 2,2’-bipyridine

as copper complexing agents.

23. Method according to one of Claims 1 to 22,
25 characterized in that the aforementioned electroplating
bath comprises, in aqueous solution:
- copper sulphate, with a concentration of
between 0.4 and 40mM;
- a mixture of pyridine and 2,2’-bipyridine as
30 copper complexing agents;
- the copper/complexing agents molar ratio being
between 0.2 and 0.6; and

- the pH of the said composition being less than

35
24. Method according to Claim 23, characterized in
that the concentration of the copper sulphate is
between 0.4 and 18mM.
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25. Method according to Claim 23, characterized in
that the concentration of the copper sulphate is

between 0.4 and 15mM.

26. Method according to one of Claims 23 to 25,
characterized in that the pH of the said composition is

between 3.5 and 6.5.



